Although dermatophytes are the most common agents of superficial mycoses in humans and animals, the molecular basis of the pathogenicity of these fungi is largely unknown. In vitro digestion of keratin by dermatophytes is associated with the secretion of multiple proteases, which are assumed to be responsible for their particular specialization to colonize and degrade keratinized host structures during infection. To investigate the role of individual secreted proteases in dermatophytosis, a guinea pig infection model was established for the zoophilic dermatophyte Arthroderma benhamiae, which causes highly inflammatory cutaneous infections in humans and rodents. By use of a cDNA microarray covering approximately 20-25 % of the A. benhamiae genome and containing sequences of at least 23 protease genes, we revealed a distinct in vivo protease gene expression profile in the fungal cells, which was surprisingly different from the pattern elicited during in vitro growth on keratin. Instead of the major in vitroexpressed proteases, others were activated specifically during infection. These enzymes are therefore suggested to fulfil important functions that are not exclusively associated with the degradation of keratin. Most notably, the gene encoding the serine protease subtilisin 6, which is a known major allergen in the related dermatophyte Trichophyton rubrum and putatively linked to host inflammation, was found to be the most strongly upregulated gene during infection. In addition, our approach identified other candidate pathogenicity-related factors in A. benhamiae, such as genes encoding key enzymes of the glyoxylate cycle and an opsin-related protein.
INTRODUCTION
Dermatophytes are highly specialized filamentous fungi that cause the majority of superficial mycoses in humans and animals (Weitzman & Summerbell, 1995) . Although millions of individuals suffer from dermatophytoses, which in many cases are long-lasting and difficult to cure, little is known of the biology and pathogenicity of these microorganisms (Vermout et al., 2008; White et al., 2008) . During infection, dermatophytes exclusively invade and multiply within the epidermal stratum corneum, nails or hair, a characteristic which is attributed to their extraordinary ability to degrade insoluble keratin into oligopeptides and amino acids. During in vitro growth on keratin, dermatophytes secrete a number of different keratinases, many of which have been discovered in the last decades (reviewed by Monod, 2008) . Individual secreted proteases of dermatophytes are similar to those of other related fungi such as Aspergillus spp. However, dermatophytes differ by the possession of multiple endoprotease members of the S8 (subtilisins) and M36 (fungalysins) families (Jousson et al., 2004a, b) . Each member of both families was found to be remarkably conserved across dermatophyte species, and phylogenetic analyses have revealed that multiplication of such protease genes in dermatophytes occurred prior to species divergence. The evolution of dermatophyte-specific protease gene families suggests particular functions of the individual isoenzymes for keratin degradation and pathogenicity. Distinct protease genes have been shown to be differentially expressed in dermatophytes during in vitro growth on proteins (Giddey et al., 2007; Zaugg et al., 2009) , and the expression of some selected members of the subtilisins and fungalysins has been monitored in the zoophilic dermatophyte Microsporum canis during experimental guinea pig infection (Brouta et al., 2002; Descamps et al., 2002) . However, the global in vivo protease gene expression pattern and the role of individual proteases in the pathogenicity of dermatophytes remain unknown.
The lack of knowledge of dermatophyte virulence characteristics might be due to the fact that these fungi have not to date been intensively studied at the molecular level, unlike other clinically relevant fungal pathogens such as Candida albicans and Aspergillus fumigatus. Dermatophytes grow slowly under laboratory conditions, genetic tools are only poorly developed, and full genome sequence information for these micro-organisms has only become available very recently (http://www.broadinstitute.org/annotation/ genome/microsporum_gypseum/MultiHome.html). Broadscale gene expression analysis in dermatophytes by cDNA microarrays has been used to study the response of Trichophyton rubrum to various antimycotics and fatty acid synthase inhibitors, and in the analysis of different developmental phases (Liu et al., 2007; Yu et al., 2007; Zhang et al., 2007 Zhang et al., , 2009 . In order to better understand the particular host adaptation mechanisms of dermatophytes it appeared timely to study a broad-scale gene expression profile in these fungi during infection. For this purpose a cDNA microarray, which was recently designed to investigate the molecular basis of keratin degradation in T. rubrum (Zaugg et al., (2) (3) (4) (5) (6) (7) (8) (9) , was used for the analysis of a clinical isolate of the closely related, zoophilic dermatophyte Arthroderma benhamiae. A. benhamiae causes highly inflammatory Tinea capitis and Tinea corporis in humans (Fumeaux et al., 2004) , and also infects rodents, allowing us to develop a guinea pig infection model for this species.
Here we report for the first time, to our knowledge, a broad-scale in vivo transcriptional analysis of a human pathogenic dermatophyte during infection. In comparison with the transcriptional profile displayed by A. benhamiae during in vitro growth on keratin, our results reveal in particular that members of dermatophyte-specific protease gene families are differentially expressed during inflammatory dermatophytosis. Instead of proteases that are typically found to be associated with in vitro degradation of keratin, others were highly expressed in our infection model, the putative functions of which are addressed. In addition to the analysis of protease gene regulation in A. benhamiae during infection we identified other hostinduced genes that might contribute to the virulence potential of these highly specialized pathogens.
METHODS
Strain and growth conditions. For all experiments the A. benhamiae strain Lau2354-2 was used, which is a clinical isolate from a patient suffering from highly inflammatory Tinea faciei at the University Hospital of Lausanne, Switzerland (Fumeaux et al., 2004) . This strain was deposited in the Belgian Coordinated Collections of Micro-organisms (BCCM/IHEM) under accession number IHEM20163 (Scientific Institute of Public Health, Brussels, Belgium; http://bccm.belspo.be/about/ihem.php). A. benhamiae was routinely grown on Sabouraud dextrose (hereafter referred to as Sabouraud) agar and liquid medium (Bio-Rad). For in vitro gene expression analyses, A. benhamiae was grown in liquid Sabouraud, soy [2 g soy protein l 21 (Supro 1711, Protein Technologies International)] and keratin-soy medium [0.2 g keratin 100 ml 21 (Merck; keratin is derived from animal hooves and horns), 0.01 g soy protein 100 ml 21 ], as previously described (Jousson et al., 2004a; Zaugg et al., 2009) . A plug of fresh A. benhamiae mycelium grown on Sabouraud agar was inoculated into 100 ml liquid Sabouraud, soy and keratin-soy medium and incubated for 5, 10 and 24 days, respectively, at 30 uC without shaking. The growth of A. benhamiae in protein media soy and keratin-soy was slower than that in Sabouraud, yet the fungus was actively growing in all three media at the indicated time points, allowing the isolation of sufficient amounts of RNA for subsequent analysis. At the indicated time points, growth in protein media was accompanied by substantial proteolytic activity along with a clarification of the media and, in the case of keratin-soy cultures, also by a visible dissolution of the water-insoluble keratin granules.
RNA isolation. A. benhamiae cells grown in liquid cultures were frozen in liquid nitrogen and ground into a powder with mortar and pestle. Thereafter, total RNA was extracted by use of the Qiagen RNeasy Plant Mini kit, following the instructions of the manufacturer. Total RNA from infected guinea pig skin was isolated by a protocol which combined the use of TRIzol (Invitrogen) and the Qiagen RNeasy Mini kit. In brief, frozen pieces of infected guinea pig skin were mechanically homogenized with a Polytron mixer (Kinematica) in TRIzol, followed by TRIzol and phenol : chloroform : isoamylalcohol (25 : 24 : 1) extraction. The aqueous phase was subsequently mixed with an equal volume of 70 % ethanol and loaded onto a Qiagen RNeasy Mini column. The following steps were performed as recommended by the manufacturer. As a negative control, total RNA from non-infected guinea pigs was isolated in the same way. The concentration and quality of RNA samples were controlled using an ND-1000 spectrophotometer (NanoDrop Technologies) and a Bioanalyser 2100 (Agilent Technologies) according to the instructions of the manufacturers.
cDNA synthesis and microarray hybridization. Samples (3 mg) of total RNA isolated from liquid cultures and from infected tissue were amplified using the MessageAmp aRNA II kit (Ambion). Samples (2 mg) of amplified RNA were subsequently reverse-transcribed into cyanin 3 (Cy3)-or cyanin 5 (Cy5)-labelled cDNA with Superscript II reverse transcriptase (Invitrogen) by use of random primers (Invitrogen), purified with QIAquick columns (Qiagen) and hybridized on the cDNA microarrays which we had constructed previously (Zaugg et al., 2009) . This microarray contains 2626 PCR products, which are spotted in triplicate on glass slides. Hybridizations in microarray hybridization cassettes (TeleChem International) were conducted overnight at 65 uC. The slides were washed in 26 SSC/ 0.1 % SDS, 0.26 SSC, 0.16 SSC and 0.16 SSC/0.1 % Triton and scanned on an Agilent DNA microarray scanner (Agilent Technologies).
Data analysis. The TIFF image files corresponding to the Cy5 and Cy3 fluorescence emission channels were extracted with GenePix Pro 6.0 software (Molecular Devices); for the statistical data analysis we used open source R software packages (http://www.r-project.org/ and http://www.BioConductor.org/). For quantification of gene expression levels the limma package using global loess normalization without background subtraction was used (Smyth & Speed, 2003; Yang et al., 2002) , resulting in the log 2 ratios (M values) and the average log 2 intensities (A value) of Cy3 and Cy5 signals for each array. Subsequently, the median M values of the triplicate cDNA probes on each microarray were used for the analysis. In order to control the false discovery rate (FDR), adjustment for multiple testing was performed with the Benjamini and Hochberg method. An FDR of 5 % and a twofold change in the gene expression level was set as a threshold. Statistical analyses using the Bioconductor limma package (Smyth, 2004) were performed on pairwise comparisons of samples derived from soy cultures, keratin-soy cultures or infected guinea pig skin material versus samples derived from A. benhamiae Sabouraud cultures. In the case of samples from infected guinea pigs, a linear model was designed with a coefficient for each of the two guinea pigs per infection series, then the average of the guinea pigs versus Sabouraud comparisons was extracted as a contrast.
Quantitative real-time RT-PCR. The expression levels of six A. benhamiae genes were analysed by quantitative reverse-transcription PCR (qRT-PCR). Using PrimerExpress 2.0 software (Applied Biosystems), specific primers and 59-FAM-39BHQ probes were designed for genes encoding A. benhamiae subtilisins Sub3 and Sub6, which have been published previously (Jousson et al., 2004b) ; the sequence of primer Sub3AbenR is identical to that of primer Sub3TrubR (Zaugg et al., 2009) . Sequences of primers and probes for detection of genes encoding McpA and isocitrate lyase as well as the controls encoding ADP-ribosylation factor ADPrf (TrMZC10ACH) and chitin-synthase ChitinS (TrMZG10ACO) were based on T. rubrum sequences (Zaugg et al., 2009) . All primers and probes were ordered from Microsynth and Eurogentec, respectively (Table 1) . Gene expression levels were quantified in a two-step qRT-PCR analysis as described previously (Zaugg et al., 2009) , and all samples were analysed in triplicate. In brief, 200 ng total RNA was mixed with 0.25 ng random hexamers (Invitrogen) and reverse-transcribed with 200 U Superscript Reverse Transcriptase II (Invitrogen) and RNAsin (Promega). For the PCRs, 1 ng freshly diluted cDNA was mixed with Taqman Universal PCR Master Mix (Applied Biosystems), and primers and probes with a final concentration of 900 and 200 nM, respectively. After 2 min at 50 uC, an initial denaturation step at 95 uC for 10 min was followed by 45 cycles of 15 s at 95 uC and 1 min at 60 uC. Standard curves were generated by serial dilutions of the cDNA samples and used for efficiency estimates for each probeprimer set reaction. The threshold cycle (Ct) values obtained via the SDS software (Applied Biosystems) were exported into qBase version 1.3.5 (Hellemans et al., 2007) , transformed to relative quantities (RQ) 
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and analysed with the geNorm 3.4 software (Vandesompele et al., 2002) . To correct for any variation in mRNA content and enzymic efficiencies, the relative quantities of the genes of interest were normalized with the geometric mean of control genes encoding chitin synthase (TrMZG10ACO) and ADP-ribosylation factor (TrMZC10ACH). All PCR plates were assembled with a Tecan Freedom Evo liquid handler, and the qRT-PCRs were performed on an ABI Prism 7900 sequence detection system.
In vivo experiments. Pathogen-free, two-month-old female guinea pigs (cross-bred white albinos, Dunkin Hartley strain, Charles River Laboratories) were infected with A. benhamiae by adapting a standard infection method that has been previously described for the dermatophyte M. canis (Mignon et al., 1999) . Briefly, A. benhamiae mycelium scraped from freshly grown 18-day-old Sabouraud plates and suspended in a honey/PBS (1 : 2, v/v) mixture was applied on a 16 cm 2 back skin surface that had been previously clipped and scarified. Each guinea pig was infected with 3610 8 c.f.u. Noninfected control guinea pigs were exposed to the same procedure, except that the honey/PBS mixture did not contain any fungal elements. Two independent in vivo experiments were performed at an interval of 6 months. In each series two animals were infected, whereas one non-infected animal was used as a control. Animal experiments were approved by the local ethics committee of the University of Liège (file number 750 from March 18 2008). At 11-19 days post-inoculation, the animals were sacrificed. The time points of euthanasia were chosen to ensure that the four animals had equivalent infection symptoms, i.e. identical primary (erythema) and secondary (alopecia, scaling, crusting) macroscopic skin lesions. It is of particular note that fungal hyphae in both hair and stratum corneum were shown to be present both by direct mycological examination and histology at the chosen time points. Skin biopsies (6 mm diameter punch) were collected from each guinea pig skin for histology. At the same time, hair and scales collected by skin scrapings from cutaneous lesions were sampled for RNA isolation and subsequent gene expression profiling. Samples for histology were fixed in 10 % formalin and paraffin-embedded for routine processing. Sections (5 mm thick) were stained with haematoxylin/eosin or periodic acid Schiff (PAS) as indicated. RNA isolation was performed in triplicate as described above from each infected animal, and RNA was frozen at 280 uC until use.
RESULTS
Gene expression profiling in A. benhamiae during in vitro growth on keratin
In a first step of this study, we monitored the transcriptional response of A. benhamiae cells during the in vitro digestion of proteins. Similar to our previous analysis of protein degradation by the related dermatophyte T. rubrum, two commonly used protein media were tested in this approach, liquid soy medium and keratin-soy medium (Monod et al., 2005; Zaugg et al., 2009) . In keratin-soy medium, the initial growth of the fungus on the insoluble keratin granules is facilitated by the addition of a small amount (0.01 %) of soy protein. Although dermatophyte growth in keratin-soy medium (24 days) is slower than in soy medium (10 days), both are known to induce secreted proteolytic activity in the supernatant at the indicated time points, in the case of keratin-soy medium along with the dissolution of the keratin particles. Substantial and active growth of the fungus at these time points allowed the isolation of sufficient amounts of A. benhamiae RNA for subsequent transcriptional analyses. The applied cDNA microarray contains 2145 clusters and sequences of all hitherto characterized T. rubrum protease genes, so that the expression of at least 23 proteases can be monitored by this approach (Zaugg et al., 2009) . A functional application of the T. rubrum microarray to the analysis of A. benhamiae was estimated, based on the DNA sequence homology between T. rubrum and A. benhamiae, e.g. 91-97 % identity between orthologues of the previously described subtilisin genes SUB1-SUB7 (Jousson et al., 2004b) . Samples of A. benhamiae grown in either soy (soyA/B/C) or keratin-soy medium (keratin-soyA/B/C) were compared with probes derived from cells grown in control Sabouraud medium (SabA/B/C). The latter is known to induce less proteolytic activity by dermatophytes than media containing proteins as the sole source of carbon and nitrogen (Jousson et al., 2004a, b; Monod et al., 2005) . We found 207 and 289 A. benhamiae sequences to be upand downregulated in soy medium, respectively (Supplementary Table S1A), and 221 and 216, respectively, in keratin-soy (Supplementary Table S1B) versus the control. These two profiles revealed a considerable similarity, i.e. a large number of sequences were commonly upregulated (Fig. 1, Supplementary Table S2A ). Among the genes specifically induced in keratin-soy as compared with soy, only a small number were strongly activated (Supplementary Table S2B ). The genes most strongly upregulated during protein digestion were proteases, the expression of which is analysed in detail in the next paragraph. Table 2 lists A. benhamiae non-protease sequences that were highly upregulated in soy and/or keratin-soy medium, and are hence putatively linked to protein utilization. Supporting the applicability of the T. rubrum array to the analysis of A. benhamiae, many of these sequences had previously been detected in T. rubrum under similar conditions (Table 2 ; Zaugg et al., 2009 ), e.g. genes encoding a putative Hsp70 chaperone (TrMZE08ACQ), a general amino acid permease (TrMZD01AAC), an isochorismatase family hydrolase (TrMZG11ACB) and hypothetical proteins. Other A. benhamiae sequences activated in both protein media include a putative major facilitator superfamily (MFS) peptide transporter (TrMZA02ACN) and the amino acid permease Dip5 (TrMZA10ACN) ( Table 2) . Individual sequences were found to be specifically activated in keratin but not in soy, e.g. the gene encoding the C2H2 transcription factor Rpn4 (TrMZA01AAW).
Major keratinolytic proteases are expressed in A. benhamiae during in vitro proteolysis More than 10 genes encoding secreted endo-and exoproteases were induced by A. benhamiae during in vitro growth on proteins. A strong upregulation on keratin-soy was observed for A. benhamiae genes encoding major keratinases of the subtilisin family, Sub3 and Sub4, and for members of the fungalysin family, Mep1, Mep3 and Mep4. A significant expression of exoproteases was also detected, such as leucine aminopeptidases Lap1 and Lap2, dipeptidyl peptidases DppIV and DppV, the metallocarboxypeptidase McpA, and the serine carboxypeptidase ScpB. A comparison with results previously obtained with T. rubrum shows that a similar set of orthologous protease genes was induced in A. benhamiae and T. rubrum under these growth conditions (Table 3 ; compare also Zaugg et al., 2009) . These findings also demonstrate that the T. rubrum cDNA microarray is useful for the analysis of both species. Expression levels of A. benhamiae genes encoding Sub3, Sub6, McpA and isocitrate lyase during growth in the three media (i.e. Sabouraud, soy and keratin-soy) were confirmed by qRT-PCR (Table 4) .
A. benhamiae causes inflammatory dermatophytosis in a guinea pig infection model
Since A. benhamiae naturally infects guinea pigs, a skin infection model using this animal was developed in the present study (for details, see Methods), in order to investigate the host-pathogen interaction by our transcriptional approach. Within 11-19 days post cutaneous infection, A. benhamiae induced highly inflammatory dermatophytosis within the inoculation area in form of well-defined lesions, including erythema, alopecia, scaling and crusting (Fig. 2a) . Microscopic inspection of histopathological skin sections of the scaly and crusty area revealed both epidermal and follicular infundibular acanthosis, severe serocellular crusting and hyperkeratosis (Fig. 2b) . A closer view of the epidermal structures also showed moderate spongiosis, neutrophilic lymphocytic exocytosis and subcorneal pustules. Infection of hairs by A. benhamiae hyphae was obvious in infundibular hair follicles, while protruding hair shafts were entrapped by keratin and crusts in the superficial epidermis (Fig. 2c, d) . Numerous fungal cells were also detected in the keratinized epidermal layers (Fig. 2e) . The in vivo gene expression profiling experiments were performed for two independent series of guinea pig infections, separated for additional control by an interval of 6 months. In each series, two guinea pigs (gp) were infected, i.e. gp1/2 and gp3/4. Symptoms of disease were similar in the two infection series at the time point of sampling. However, since the infection times were different (19 days and 11 days for gp1/2 and gp3/4, respectively), the obtained data were handled independently in the gene expression analysis. To test for technical reproducibility, three skin samples (A/B/ C) were isolated from each infected animal for RNA extraction and subsequent gene expression profiling (for details, see Methods). Analysis of earlier infection stages by this approach was not possible due to the limited amounts of fungal RNA isolated from guinea pig samples.
Gene expression profiling in A. benhamiae during inflammatory cutaneous infection
The results of gene expression profiling during infection of gp1/2 and gp3/4 showed a high similarity [correlation coefficient (r)50.816; for details see Supplementary Fig.  S1 ], demonstrating the reproducibility of the in vivo experiments (Table 5 ). During infection of gp1/2, 291 A. benhamiae sequences were more than twofold upregulated as compared with growth in Sabouraud medium, whereas 327 were more than twofold repressed (Supplementary Table S1C ). Infection of gp3/4 resulted in the upregulation of 232 A. benhamiae sequences, whereas 278 were repressed (Supplementary Table S1D ). Interestingly, only a small number of the host-induced transcripts was also found to be upregulated in A. benhamiae during in vitro growth on keratin-soy (Fig. 3, Supplementary Table S3 ). Therefore, a large number of fungal genes were specifically induced during infection. A considerable number of the in vivo activated sequences were even more than 10-fold upregulated during infection as compared with in vitro growth in Sabouraud. Many of these encode hypothetical proteins of unknown function (Table 5 ; for in vivo protease gene expression see next paragraph). Microarray hybridization with samples derived from non-infected guinea pig RNA did not produce any significant signals (data not shown).
Differential activation of A. benhamiae protease genes during infection
Microarray analysis revealed an in vivo A. benhamiae protease gene expression profile which is surprisingly different from the pattern elicited during in vitro growth on keratin (Table 3) . None of the genes encoding the in vitro keratin-specific metalloproteases Mep1, Mep3 and Mep4, leucine aminopeptidases Lap1 and Lap2, or dipeptidyl peptidases DppIV and DppV, was upregulated during infection. Comparison of the expression of the major in vitro keratinolytic subtilisins Sub3 and Sub4 revealed that only the SUB3 gene was activated during infection, albeit at a comparatively low level. In contrast, we found that the gene encoding the serine protease subtilisin Sub6, which was not detectably activated during in vitro growth on keratin, was the most upregulated host-specific A. benhamiae sequence. Interestingly, Sub6 has been previously identified as the major allergen Tri r2 in T. rubrum (Woodfolk et al., 1998) . Besides SUB6, the closely related SUB7 as well as SUB1 and SUB2 were specifically upregulated in vivo. The strong expression of MCPA, encoding a metallocarboxypeptidase, which was expressed during in vitro growth on proteins, also appears pathogenetically relevant. Whereas the gene encoding the serine carboxypeptidase ScpB was specifically induced during growth in keratin-soy medium, expression of ScpC reached a threshold level only during infection, similar to the neutral protease NpII-1 (Table 3 ). The protease gene expression pattern in A. benhamiae during infection of gp1/2 and gp3/4 was similar, with the exception that activation of SUB7 was only revealed during infection of gp1/2 (Table 3) . As a control, in vivo expression of A. benhamiae genes encoding Sub3, Sub6 and McpA was confirmed by qRT-PCR (Table 4) .
Host-specific, non-protease A. benhamiae genes with possible implications in pathogenesis A sequence encoding a putative opsin-related protein (TrMZC05AAI) was found to be the most upregulated in vivo-specific A. benhamiae sequence next to SUB6 (Table  5) . Opsin-related sequences have been recently discovered *Genes which were not differentially regulated in the tested condition are indicated by '-'. DClusters which have previously been detected to be strongly activated in the related T. rubrum during growth in soy and keratin-soy medium (compare Zaugg et al., 2009) . dClusters which have previously been identified to be strongly upregulated in T. rubrum specifically during growth in keratin-soy medium as compared with soy.
In vivo gene expression in dermatophytes in several fungal genomes, but to date this has not been the case in dermatophyte species. Significant upregulation was also detected for genes encoding a putative MFS monosaccharide transporter (TrMZD08AAG), a putative oxidoreductase (TrMZA08ACP) and a PHD finger domain protein (TrMZG08AAC). The latter two sequences were also found to be induced during growth in keratin-soy medium (see Table 2 ). Of particular interest was the in vivo activation of genes encoding key enzymes of the glyoxylate cycle, i.e. the putative malate synthase (TrMZD06ACI) and isocitrate lyase (TrMZA01AAT). Elevated expression levels of the latter gene during infection have also been confirmed by qRT-PCR (Table 4) .
DISCUSSION
The present study of the zoophilic dermatophyte A. benhamiae provides, to our knowledge, the first broadscale gene expression analysis in dermatophytes during infection and points to putative virulence-associated mechanisms in these fungi. Dermatophytes have been previously proven to secrete a broad repertoire of keratinolytic proteases during in vitro growth on proteins (Giddey et al., 2007) . These enzymes were assumed to exert a major role during infection since dermatophytes almost exclusively parasitize cutaneous stratum corneum, hair and nails. Our results, however, suggest that this view is too simplistic, since the gene expression profile during infection was found to be remarkably different from the profile displayed by the fungus during in vitro growth in keratin medium. A. benhamiae RNA extracted from in vitro cultures and infected guinea pigs was tested on a cDNA microarray, which we recently designed for the closely related dermatophyte T. rubrum. Individual results generated by these microarray analyses were confirmed by qRT-PCR. Supporting previous findings on T. rubrum, our in vitro results confirm that individual members of the subtilisin and fungalysin families are the prominent proteases expressed during growth of dermatophytes in 
--*For proteases that are represented by more than one cluster on the array, the one with the highest expression fold change is indicated. Protease genes that are represented by an added PCR product instead of an expressed sequence tag (EST) cluster are marked 'PCR'. DDownregulation of a gene is indicated by a negative fold value. Genes which were not differentially regulated in the tested condition are indicated by '-'. dgp, Guinea pig.
protein media (for review see Monod, 2008) . In addition, these in vitro results support the applicability of our approach to the study of the two related species.
Analyses of earlier time points during protein degradation were not possible due to the slow growth of the fungus, resulting in low amounts of isolated fungal RNA, an obstacle which is especially challenging for the in vivo experiments. Transcriptional analysis in vivo was performed at day 11 (gp3/4) and day 19 (gp1/2), when the animals showed severe and acute skin lesions, which were clinically characterized by erythema, alopecia, scaling and crusting, and histologically by fungal growth in both stratum corneum and hair. Despite the different infection time periods in the two independent in vivo analyses, the obtained results were highly similar. Our result supports the view that the host signals governing the activation of specific protease genes are different from those that influence protease gene expression during in vitro growth on media containing soy or keratin as the sole source of carbon and nitrogen.
Of the analysed A. benhamiae protease genes, only the gene encoding the recently described metallocarboxypeptidase McpA (Zaugg et al., 2008) was strongly induced under both conditions, i.e. during in vitro growth on keratin and during infection. Whereas the major induced protease genes during in vitro growth on proteins were those encoding subtilisins Sub3 and Sub4, metalloproteases Mep3 and Mep4, leucine aminopeptidases and dipeptidylpeptidases, none of these genes were detectably activated during guinea pig infection, except for SUB3 at a comparatively low level. Instead, other protease genes were observed to be upregulated specifically in vivo, such as those encoding subtilisins Sub1, Sub2, Sub6 and Sub7, the putative neutral protease NpII-1, and at least moderately, the gene encoding the serine carboxypeptidase ScpC. These findings support the idea that multiple members of protease gene families in dermatophytes are not redundant but fulfil specific roles during infection, and may not be dedicated exclusively to protein degradation and nutrient supply. Likewise, the evolution and differential expression of a virulence gene family encoding secreted aspartic proteases in the human pathogenic yeast C. albicans has also been demonstrated to be linked to infection (reviewed by Naglik et al., 2003; Staib et al., 2000) . Our results derived specifically from cutaneous infection of guinea pigs by A. benhamiae. Future studies will reveal whether additional members of the analysed protease gene families are associated with other types of infection involving different dermatophyte species and/or different hosts.
Interestingly, subtilisin Sub6, the most upregulated infection-specific A. benhamiae factor, is known to be the major allergen Tri r2 in T. rubrum. Recombinantly expressed Tri r2 cannot be attributed enzymic activity on various protein substrates, but this antigen induced delayed type hypersensitivity (DTH) reactions and was the first known recombinant protein triggering both IgE antibody-and cell-mediated immune responses in humans (Woodfolk et al., 1998) . Interestingly, DTH reactions are assumed to be associated with highly inflammatory skin lesions in dermatophytosis (for review see Woodfolk, 2005) . A correlation between SUB6 expression and host inflammation in our infection model therefore appears feasible, and will be addressed in future experiments with specific A. benhamiae sub6 deletion mutants. However, genetic manipulations in dermatophytes are still challenging, and targeted gene disruption in these micro-organisms has been successfully demonstrated only in some rare cases Ferreira-Nozawa et al., 2006; Yamada et al., 2006) .
The cDNA microarray we used was specifically developed in our previous work to identify genes in dermatophytes that are involved in the adaptation to protein substrates (Zaugg et al., 2009) . Due to the limited total number of genes on the array, covering approximately 20-25 % of the estimated A. benhamiae genome size, probably only a subset of infection-specific genes could be identified by our approach. Nevertheless, our experiments also identified putative pathogenicity-related factors other than secreted proteases. The second most upregulated A. benhamiae sequence during infection encodes a putative opsin-related protein. Fungal rhodopsins and opsin-related proteins have been recently identified in several fungal genomes as homologues of bacteriorhodopsin, with unknown function (reviewed by Brown, 2004) . In the human pathogenic fungus Coccidioides posadasii, the opsin-1 gene has also been found to be specifically expressed during parasitic growth of the fungus, but not during saprobic development (Delgado et al., 2004) . Genes encoding key enzymes of the glyoxylate cycle were also observed to be activated in A. benhamiae during infection, i.e. the putative malate synthase and isocitrate lyase. During growth in soy and keratin-soy media, these genes were found to be strongly induced in T. rubrum but not in A. benhamiae, as demonstrated by microarray analysis and qRT-PCR (Zaugg et al., 2009) . By the latter technique, the isocitrate lyase gene was found to be considerably upregulated in A. DExpression fold changes of the indicated sequences in keratin-soy versus Sabouraud are also given (compare also Table 2 ). dBecause the FDR of these values was above the set threshhold they are not found in the corresponding Supplementary Table S1B .
In vivo gene expression in dermatophytes benhamiae in only one of the three samples isolated from keratin-soy (Table 4 ). The observed differences in the expression of glyoxylate cycle enzymes in T. rubrum versus A. benhamiae during in vitro growth on proteins remain elusive, yet a relationship with the differential growth speed of the two species, which in general is faster in A. benhamiae, might be involved. The glyoxylate cycle, which is absent in mammals, has previously been implicated in the pathogenicity of other microbial pathogens, e.g. Mycobacterium tuberculosis and the yeast C. albicans (Lorenz & Fink, 2001; McKinney et al., 2000) . Although a pathogenic role of this pathway could not be proven in the mould Aspergillus fumigatus (Schöbel et al., 2007) , its contribution to host adaptation in dermatophytes is more likely. Dermatophytes infect highly specific host niches that offer distinct growth substrates such as proteins and lipids, the utilization of which may require particular metabolic activities. The majority of host-specifically upregulated A. benhamiae genes cannot be attributed any function so far, but their future analysis may help to identify specific virulence factors in dermatophytes.
A. benhamiae appears to be an adequate model species to study the pathogenesis of dermatophytes. Compared with the related species T. rubrum, it is relatively fast-growing on standard laboratory media, produces abundant microconidia and is able to undergo sexual reproduction (Fumeaux et al., 2004) . A dermatophyte genome sequencing project for the A. benhamiae strain which we used in the present study is currently in progress (A. Brakhage, personal communication), and a guinea pig infection model for this fungus was developed in the present study. These characteristics, together with our in vivo transcriptional data, may benefit future virulence studies, which are necessary to unravel the mechanisms that make dermatophytes the most common agents of superficial mycoses in humans and animals. Table S3 ).
